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Abstract
Steels usedwithin the process chain of carbon capture and storage (CCS) are exposed to conditions that are
currentlynotfullytested.Inthepresentworkanumberofsteelswereselectedaspossibleconstructionmaterials:
Alloyed steels forapplication in thecompressionand injection sectionsand lowalloyedcarbon steels foruseas
pipelines.Exposuretestswereconductedover600hoursatambientpressureinacontinuousflowofasimulated
gasstreamconsistingofcarbondioxidewith lowcontentsof the relevant fluegascomponentsnitrogendioxide,
sulfurdioxide,carbonmonoxide,oxygenandwater.Temperatureswereadjustedto5,60and170centigrade.

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1. Introduction
Carboncaptureandstorage(CCS)isconsideredasnecessarytechnologytoreducefurtherincreaseof
greenhousegases.Carbondioxide(CO2) iscaptureddirectlyatthesource,andmustbetransmittedto
the receiving geological formation. Steels along the whole process chain come in contact with the
purified fluid consisting of CO2 andminor amounts of flue gas residuals such as oxygen (O2), sulfur
dioxide(SO2),nitrogendioxide(NO2),carbonmonoxide(CO)andwater(H2O).Corrosionofsteelsmight
beariskwithintheCCSchain,dependingontheconcentrationsofimpurities.
Compressedcarbondioxidewithverylowconcentrationsofimpuritieshasbeentransmittedthrough
pipelinesforenhancedoilrecovery[1].Onlyalimitednumberofcorrosionexperimentsinsupercritical
CO2 have been reported yet. Russick et al. [2] reported that corrosion occurs in water saturated
supercriticalCO2butnot inpure supercriticalCO2. In thepresenceofO2andSO2 corrosion ratesare
strongly increased [3Ͳ4].However,experimentsunderpressureareperformedunderstaticconditions.
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Once the autoclave is filled and pressurizedwith a certainmolar amount of corrosive constituents,
furtheradditionorreplacementofimpuritiesisverycomplicated.Corrosiveconstituentsareconsumed
duetoreactionswiththesteel. Inthepresentworkcontinuousexperimentswithaconstantsupplyof
impuritieswereconductedtoallowaccumulationofcorrosionproducts.Preliminaryobservationswere
discussedelsewhere [5].Detailedanalysesof corrosionproductswereperformedand the resultsare
presentedanddiscussedinthispaper.
2. MethodsandMaterials
2.1. ExperimentalSetup
Customized exposure vesselswere designed and constructed for parallel testing of up to 12 test
specimensunderacontinuousflowfromtoptobottom.ThreereactorvesselsareshowninFig.1oneof
which isalreadyequippedwith12specimensofdifferentsteels.SamplesareconnectedtotheTeflon
holders in themiddle of the reactor. The Teflon holder is surrounded by a glass wall that allows
observationofthespecimensduringtheexposureperiod.


Fig.1.Photographof3exposurevesselsforparalleltestingof12specimensundercontinuousflow
Temperatures of the exposure vesselswere adjusted by keeping the vessels in climate chambers
(typesIPPfor5°CandUFP500for60°Cand170°C,MemmertGmbH,Germany).Exposuretemperatures
were adjusted to 170°C for conditions present in the compression process, 5°C as lowest occurring
temperatureinasubsurfacepipeline,and60°Cfortheinjectionnozzle.
Mass flow controllers (type ELͲFLOW, BronkhorstMättig GmbH, Germany) were used to adjust
volumeflowsofCO2,O2,CO,NO2andSO2.Thevolumeflowofcarbondioxidewas1.5L/hperreaction
vessel(equivalentto20cm/min)withanadditionofvolumeflowsequivalentto1800ppmO2,750ppm
CO,100ppmNO2,and70ppmSO2.Thegasesweremixedinastaticmixer.Sincethevaporpressureof
NO2isverylowthegascylinder,pipes,tubesandthemassflowcontrollerwereheatedto60°Ctoavoid
liquefaction. Awater vapor concentration of 600 ppm (equivalent to a dew point of ca. Ͳ28°C)was
adjustedbyleadingacontrollablefractionoftheCO2flowthroughawashingbottlefilledwithdeionized
218   Aki Sebastian Ruhl et al. /  Energy Procedia  23 ( 2012 )  216 – 225 
water according to the simultaneousmeasurement with a dew pointmeter (type EASIDEW Online
Hygrometer,MichellInstrumentsGmbH,Germany).Thedurationofexposurewas600hours.
2.2. Steels
Differentsteelswithvaryingconcentrationsofchromiumandotheralloyingelementswere tested.
ThealloyedandhighalloyedsteelsX12Cr13,X3CrNiMo13Ͳ4,X5CrNiCuNb16Ͳ4,X1NiCrMoCu32Ͳ28Ͳ7and
titanium TiͲAlͲV4 (No. 3.7165)were tested at 170°C for application in compressors. Steels 42CrMo4,
X20Cr13,X46Cr13,X5CrNiCuNb16Ͳ4,X2CrMnNiN22Ͳ5Ͳ2andX1NiCrMoCu32Ͳ28Ͳ7wereproposedforuse
in the injection section and tested at 60°C. Soft iron as referencematerial and the pipeline steels
L290NB,L360NBandL485MBwereexposedtothegasmixtureat5°C.Materialnumbersandchemical
compositionsofthesteelsarelistedinTable1.

Table1:Materialnumbersandfractionsofselectedchemicalelementsofthesteelsdeterminedbysparkemissionspectroscopy.
Steel MaterialNo. C[wt%] Co[wt%] Cr[wt%] Mn[wt%] Mo[wt%] Ni[wt%]
X12Cr13 1.4006 0,13 0,02 13,93 0,62 0,05 0,47
X3CrNiMo13Ͳ4 1.4313 0,04 0,03 13,16 0,81 0,53 3,88
X5CrNiCuNb16Ͳ4 1.4542 0,06 0,07 15,91 1,00 0,22 4,85
X1NiCrMoCu32Ͳ28Ͳ7 1.4562 0,01 0,21 26,60 1,52 6,11 31,27
42CrMo4 1.7225 0,40 0,01 1,02 0,68 0,14 0,12
X20Cr13 1.4021 0,23 0,02 13,19 0,38 0,02 0,12
X46Cr13 1.4034 0,49 0,02 13,41 0,49 0,13 0,45
X2CrMnNiN22Ͳ5Ͳ2 1.4162 0,02 0,03 21,72 4,96 0,30 1,63
Softiron 1.1018 0,00 0,00 0,01 0,04 0,00 0,02
L290NB 1.0484 0,12 0,01 0,10 1,11 0,03 0,06
L360NB 1.0582 0,13 0,00 0,03 1,30 0,00 0,03
L485MB 1.8977 0,09 0,01 0,03 1,54 0,00 0,05

Allmaterialsweremachined toa specialized specimendesign (compareFig.2) thatalloweddirect
connectiontothemountings.Alltestspecimensweregrindedonadiamondgrindingdisc(StruersMDͲ
Piano 220, grit size 220) and cleaned in deionizedwaterwith ultrasonic to achieve comparable and
reproduciblesurfaceproperties.Thesurfaceareaofthetestspecimenswasapproximately19cm2.
3. Resultsanddiscussion
3.1. Macroscopicinvestigation
Slightannealingcolorswerefoundonalloyedchromiumsteelsafter600hexposuretothesimulated
CCSgasat170°C.AsshowninFig.2thehighalloyedsteelandtitaniumwereunalteredcomparedtothe
initial state. Similar photographs of duplicate specimens of the steels X1NiCrMoCu32Ͳ28Ͳ7 and
X3CrNiMo13Ͳ4werepreviouslyshown[5].Gravimetricanalysesconfirmedthatnoalterationintermsof
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materiallossorweightincreaseoccurred.Thereforereactionratesbetweenthegasphaseandthesteels
canbeconsideredasveryslow.


Fig.2.X1NiCrMoCu32Ͳ28Ͳ7,X12Cr13,X3CrNiMo13Ͳ4,X5CrNiCuNb16Ͳ4andtitanium(fromlefttoright)after600hexposuretothe
simulatedCCSgasat170°C.
Photographs of the test specimens are shown in Fig. 3. The relative humidity at 60°C was
approximately0.3%.Neithercorrosionnorannealingcolorswereobserved.Allinvestigatedsteelswere
unaltered.Bothlightandscanningelectronmicroscopyconfirmedthatnocorrosionoccurredunderthe
appliedconditions.Neitherweightincreasenordecreasewasmeasured.


Fig3.PhotographsofspecimensofsteelsX20Cr13,X46Cr13,42CrMo4,X2CrMnNiN22Ͳ5Ͳ2,X5CrNiCuNb16Ͳ4andX1NiCrMoCu32Ͳ
28Ͳ7(fromlefttoright)after600hexposureat60°C.
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Clear corrosion products developed on unalloyed materials at 5°C. Despite differences in both
elementalcompositionandmicrostructures theappearanceof the fourcorrodedsteelswassimilaras
shown inFig.4.Duplicatesamplesofsoft ironand lowalloyedcarbonsteelL485MBshownelsewhere
weresimilar[5],thusthecorrosionproductsformationiswellreproducible.


Fig.4.SoftironandlowalloyedsteelsL290NB,L360NBandL485MB(fromlefttoright)after600hexposuretothesimulatedCCS
gasat5°C.
Amass increasewas founddue to the corrosion of the steelswith formation of ferrous or ferric
corrosionproducts.Thegravimetric results shown inFig.5 indicate that thedegreeof corrosionwas
similarforthedifferentsteels.Amajordifferencebetweenthesteelswasthesizeoftheferritegrains
andthepearlite inclusions.Themicrostructurethereforedidnot influencecorrosionrates.Theweight
increaseinregardtosurfaceareawasapproximately0.8mg/cm2.


Fig.5.Weightincreaseofduplicatesamplesofsoftironandlowalloyedpipelinesteelsafter600hexposuretothesimulatedgas
mixtureat5°C.
Consideringanaverageweightincreaseof13mgandafractionof20wt%ironinthecorrosionbuildͲ
up(compareFig.10),anamountof2.6mgsteelhasreacted.Thevolumespecificmateriallosswas0.3
mm3(0.017mm3/cm2)within600hassumingasteeldensityof7.8mg/mm3.Furtherthethicknessloss
was17μmwithin600hours.Linearextrapolation revealedamaterial lossof less than0.002mmper
year.
3.2. Microscopicinvestigation
AmicroscopicoverviewofthecorrosionlayeronthelowalloyedcarbonsteelL485MBisshowninFig.
6. The layer reveals a uniform appearance with regular cracks. Identical corrosion products were
observedonalllowalloyedsteels.Lópezetal.[6]reportedaninfluenceofmicrostructureandchemical
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composition of carbon and low alloyed steels. The different grain sizes in the steels did not have a
significant effect on the structure of the corrosion layer, too. Therefore a similar buildͲup can be
expectedonany lowalloyedpipelinesteel, independently from itsmicrostructure.Punctualspotsare
distributed above the flawy layer. A similar appearance was presented for simulated atmospheric
corrosion of an unalloyed steel after oneweek exposure to a gas containing 10 ppm SO2 and 90%
relativehumidityat25°C[7].


Fig.6.MicroscopicstructurerecordedwithscanningelectronimageofthecorrosionlayeronsteelL485MB.
Small crystalline spots became visible at higher resolutions in Fig. 7 (left).As shown below those
crystalswerenotdetectedwithXͲrayorelectrondiffraction.Themain fractionof thecorrosion layer
appeareddenseandnotcrystallineasshowninFig.7(right).


Fig.7.Detailsofthecorrosionlayershowingcrystallinestructuresontopofthelayerandanamorphousstructurewithinacrack.
ElementaldistributionsobtainedwithenergydispersiveXͲrayspectroscopyforasmallarea incross
sectionofthecorrosionlayerareshowninFig.8.Carbonisthemainelementoftheresinusedtofuse
thespecimen.Comparingthecorrosionlayerwiththesteelironisamainelementofthecorrosionlayer.
OxygenisalsoinvolvedinthebuildͲup.Sulfurisequallydistributedinthecorrosionlayerwithoutstrata
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ofelevatedsulfurcontent.Considering theelementaldistributions ferrousor ferricsulfatesorsulfites
arepossiblecrystallinephases.


Fig.8.CrosssectionofthecorrosionlayeronsteelL290NBwithelementaldistributionofiron(Fe),carbon(C),oxygen(O),and
sulfur(S)fortheindicatedarea.
Focusedionbeam(FIB)wasappliedtoachieveanothertransectimageoftheinterfacebetweensteel
and corrosionbuildup.The corrosion layerbetween the ferriticͲpearlitic steelbelowandaprotective
platinumdepositionaboveareshown inFig.9.Here thecorrosion layerappeared thinner than in the
metallographictransect.


Fig.9.IonimageaftertreatmentwithfocusedionbeamshowingthesteelL290NB,thecorrosionlayerandthedepositedplatinum
layer.
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Quantitativeanalyseswereconductedwithelectronbeammicroanalyses (WDX) incrosssectionof
steelL290NBfusedinepoxyresin.Oxygenwasthemaincomponentinthelayerfollowedbyiron.Asthe
molarfractionofironwasmuchhigherthanthatofsulfur,ferroussulfatesorsulfitesarenotexpected
tobe themainphase. JohanssonandVannerberg [8] foundɲͲFeSO3ͼ3H2O, ɶͲFeSO3ͼ3H2O,FeSO3ͼ2H2O
andFeSO4ͼ7H2Oasmajorproductsofatmosphericcorrosioninthepresenceofsulfurdioxide.


Fig.10.WavelengthdispersiveelementalquantificationofthecorrosionlayeronsteelL290NB.
Themolefractionsof iron,oxygen,sulfurandnitrogenforthreemeasuringpointsareshown inFig.
10.Theelementalcompositionindicatedthepresenceofamixtureofironoxide,ironhydroxide,sulfates
orsulfitesandprobablycrystallizationwater.
3.3. Phaseanalyses
XͲray diffractometric analysis on a test specimen of steel L485MB coveredwith a corrosion layer
revealedthatthegradeofcrystallinityislow.Thegrazingincidencediffractionwithanincidentangleof
1°wasassumedtocoverawiderangeofthecorrosionlayer.Diffractionpatternsofbothconventional
andgrazing incidentmeasurementsareshown inFig.11.OnlycrystallineferriteoftheferriticͲpearlitic
steelwasfound.


Fig.11.XͲraydiffractionpatternofasteelspecimenL485MBcoveredwithcorrosionproductsusingtwodifferentmodes.
An imageanddiffractionpatternsobtainedwithtransmissionelectronmicroscopyareshown inFig.
12.Crystallinecorrosionproductswerefoundafteratmosphericcorrosionwithlowerconcentrationsof
SO2 and NO2 [8]. Here, low crystallinity of the corrosion layerwas foundwith the highly resolving
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electronbeamleadingtotheconclusionthatthecorrosionproductsaremainlyamorphous.Amorphous
corrosionproductswithcracksareexpectedtobelessprotectivethanacontinuouscrystallinelayer.


Fig.12.TEMimage(a)takenonaFIBlamellatakenfromcorrodedsteelL290NBandelectrondiffractionpatternsofb)corrosion
layerandc)ferriteinthesteel.
4. Conclusions
Slightannealingcolorswerefoundonalloyedsteelsafter600hexposuretoasimulatedgasmixture
at 170°C and ambient pressure.Weight alterationwas not significant. Thus steels tested for use in
compressionfacilitiesareuseableunderconditionssimulatedhere.
At60°Cno indicationsof reactionsbetween the gasphase and the steelswere found.Under the
conditionsappliedhere,noneofthetestedmaterialscanbeexcludedduetosusceptibilitytocorrosion.
WhenCO2isinjectedintoanaquiferhigherwaterconcentrationsmightoccurattheinjectionnozzles.
Visiblecorrosionproductsdevelopedonsoftironandlowalloyedpipelinesteelsat5°C.Thematerial
losswasextrapolatedtobelowerthan2μmperyearandthereforebelowthethresholdlimitvalueof
0.1mmperyear.Nosignificantinfluenceofmicrostructureorelementalcompositionofthesteelswas
observed.Although ahomogenousdistributionof iron,oxygen and sulfur in the corrosion layerwas
detectedbyEDXandsignificantamountsofoxygen,ironandsulfurwerefoundwithWDX,nocrystalline
phases were detected with both XͲray diffraction at grazing incident and electron diffraction with
transmissionelectronmicroscopy.Thecorrosion layercan thereforebeconsideredasamorphousand
protective only to a lowdegree. Continuous exposure to gasmixtures under elevated pressureswill
providefurtherinsights.
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